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Study  region:  The  study  was  conducted  with  data  from  the  city  state  of
Singapore,  a  densely  populated  and  highly  urbanized  island  state  close  to  the
equator.
Study focus:  The  study  provides  a  basic  statistical  characterization  of
Singapore’s  precipitation  regime.  It  quantiﬁes  the  effects  of  daily  and  yearly
cycles and  the  connections  to  the  El  Nin˜o  Southern  Oscillation  and  Sea  Surface
Temperature  on  hourly  rainfall  amounts.  A  regional  regression  analysis  was
applied to  detect  trends  in  hourly  and  daily  precipitation  extremes.
New hydrological  insights  for  the  region:
• Rainfall  events  in  the  early  morning  and  in  the  afternoon  exhibit  different
spatio-temporal  characteristics.
• Singapore’s  precipitation  activity  is  inﬂuenced  by  the  El  Nin˜o  Southern  Oscil-
lation, but  not  during  the  North-East  Monsoon  season.  During  the  La  Nin˜a
phase, seasonal  precipitation  totals  are  higher  and  the  arrival  of  the  most
intense  precipitation  events  is  shifted  towards  morning  hours.
• The  rainfall  regime  has  been  changing  during  the  investigation  period  from
1981 to  2010.  Rainfall  totals  as  well  as  hourly  and  daily  extremes  increased.
The increase  in  daily  extremes  was  the  fastest,  changing  the  temporal  scaling
of the  extremes.
• The  predicted  changes  in  precipitation  scaling  towards  higher  daily  sums
have implications  for  the  management  of  stormwater  run-off.
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1. Introduction
Precipitation is highly variable in space and time and the variability is scale dependent. It increases
with the spatial and temporal resolution of the data. Therefore, the required spatio-temporal resolu-
tion of precipitation data used as input for hydrological simulations is a function of the concentration
time of the system modelled (Berne et al., 2004). Concentration times in urban hydrology are in the
range of a few hours. Researchers and decision makers often face a lack of input data due to sparse
measurement networks or poor quality measurements with insufﬁcient temporal and spatial reso-
lution. To evaluate the potential of ﬂood protection measures, information on the spatio-temporal
characteristics of precipitation is required. This investigation provides principal temporal and spatial
statistics of hourly precipitation measurements based on a dense observation network in Singapore
ranging from 1980 to 2010. It quantiﬁes how daytime and season affect these characteristics, and if
there are trends in the precipitation regime that indicate climatic changes in the area.
Singapore is located on an island offshore the southern end of the Malayan Peninsula in Southeast
Asia. It is separated from the mainland in the north by the narrow Johor strait. The area of the city
state is 716 km2 with a population of 5.4 Mio. inhabitants. The main climatic issue in such a densely
populated tropical city is thermal comfort for its inhabitants (Dear et al., 1991) and the heat island
effect of the urbanized areas (Priyadarsini et al., 2008). Precipitation is abundant over the whole year
and, due to its location close to the equator, Singapore is protected from cyclonic storms. It is, a priori,
not a risk area for extreme precipitation events. This might be the reason why  very few publications
deal with the precipitation regime of Singapore, but rather principally on the seasonal distribution and
in this context on the inﬂuence of the El Nin˜o Southern Oscillation (ENSO) on seasonal precipitation
sums (e.g. Kripalani and Kulkarni, 1997; Kane, 1999). Studies related to precipitation in this region
have been carried out in Peninsular Malaysia (e.g. Varikoden et al., 2011, 2010; Suhaila and Jemain,
2009; Desa and Niemczynowicz, 1996). For Singapore, Mandapaka and Qin (2013) published a study
on the variability of rainfall which examines the probability distributions of precipitation on different
scales.
Due to the heavy urbanization and the high proportion of sealed soils on the island, precipitation
extremes of short duration and high intensity have an impact on urban hydrology and storm-water
management strategies. Such ﬂash ﬂoods occur regularly and are reported on the website of the
Singapore’s National Water Agency PUB (http://www.pub.gov.sg/). One severe ﬂooding event in 2010
was also subject to scientiﬁc studies (Vaid, 2013). Therefore, information on precipitation characteris-
tics and its changes is an important issue in this study area. Apart from the threat of ﬂash ﬂoods, long
lasting rain-events can also induce natural hazards. The North-East Monsoon season of 2006/2007 for
example was the wettest since the beginning of rainfall measurements in the second half of the 19th
century, and triggered a series of major landslides on natural as well as constructed slopes (Chatterjea,
2011).
The outline of this paper is the following: Section 2 describes the climatic features and the large-
scale inﬂuences on the study area. In Section 3, the data sets used in this study are speciﬁed. In Section 4
the relation of diurnal and seasonal variability are explored. Section 5 deals with the spatial correlation
in the precipitation ﬁelds. Section 6 explores the inﬂuence of large scale features on the precipitation
regime such as the El Nin˜o-Southern Oscillation (ENSO) and sea surface temperature (SST) anomalies
in the surroundings of Singapore. In Section 7, the data are analyzed for temporal trends.
2. Climatic characterization of Singapore
Singapore has a pronounced daytime-climate, which is typical for the inner tropics. The diur-
nal variations of temperature and precipitation are more pronounced than the annual variation.
Rainfall activity is high in the afternoon and low in the late evening. The probability of daily rain-
fall is about 50% on average (Mandapaka and Qin, 2013), although more than half of all rainfall
events in Singapore are shorter than 1 h (Chatterjea, 1998). Nevertheless, since Singapore is inﬂu-
enced by the Asian Monsoon system, the climate shows some seasonal effects. The predominant
atmospheric ﬂow direction follows an annual cycle which is driven by the movement of the sun.
From the end of October until the beginning of March, the cooling of the air masses over Siberia
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and Tibet leads to a high pressure zone over Asia. The pressure gradient between this zone and the
low pressure of the Intertropical Convergence Zone (ITCZ) south of Singapore generates a constant
north-eastern airﬂow transporting moisture from the Chinese Sea into the area, which is called the
North-East Monsoon (Fong, 2012). From June to September, the ITCZ, which follows the zenith of the
sun, is situated north of Singapore. The Australian land mass is relatively cooler than the South-East
Asian Sea. The resulting gradient between high pressure over Australia and the ITCZ generates the
South-West Monsoon, which leads to south-south-easterly wind directions in the surroundings of
Singapore (Fong, 2012). During the inter-monsoon seasons (October and March to April) the ITCZ is
close to Singapore and solar radiation input is at its peak. Therefore, the weather is governed by local
heat-induced convection and regional wind systems, e.g. sea breeze on the shores of the island, can
provoke local convergence that triggers precipitation events or enhance local heat induced events
(Fong, 2012).
One particular regional weather system is the “Sumatra Squalls”. These squall lines arise over the
Strait of Malacca and then traverse Singapore from West to East, leading to heavy torrential rainfall
events in the early morning. According to numerical weather simulations, the Sumatra squalls are
triggered by the surface temperature difference between the Strait of Malacca and the land mass of
Sumatra (Yi and Lim, 2007). For this reason, they occur around sunrise, when Sumatra is coolest. The
Sumatra Squalls mainly appear during the South-West Monsoon season when the prevailing ﬂow
direction in mid-altitude (1.5–3 km)  turns to the south-west, e.g. in the presence of a cyclonic system
in the South Chinese Sea (Fong, 2012). Orographic effects deﬂect the low-altitude ﬂow ﬁeld in north-
western direction, and by doing so promote low-level convergence-enhancing convection (Yi and Lim,
2007).
In addition to the diurnal and annual cycle, the precipitation regime is likely to exhibit inter-
annual variability induced by the El Ninõ Southern Oscillation (ENSO) in the Paciﬁc Ocean. ENSO
is an irregular cycle of positive and negative sea surface temperature (SST) anomalies over the
equatorial Paciﬁc Ocean with corresponding oscillations in the atmospheric circulation. The period
of one cycle varies generally between two to seven years. The peaks of the oscillation are called
El Nin˜o and La Nin˜a. During El Nin˜o, trade winds weaken and warm surface water ﬂows eastwards
towards the South American coastline. Therefore, El Nin˜o is characterized by warmer than aver-
age SST over the eastern Paciﬁc Ocean and cooler than average SST conditions in the west of
the Paciﬁc Ocean and the South Chinese sea. The peak of El Nin˜o is often reached at the end
of the calendar year. The peak of the cold phase is called La Nin˜a, with opposite SST anomalies
in the western and eastern Paciﬁc. Changes in SST inﬂuence evaporation and, thus, the mois-
ture content of the air. The strength of the trade winds inﬂuences the transport of moisture.
Both can affect the amount of precipitable water over the study area and alter the precipitation
regime.
3. Data
3.1. Precipitation data
The precipitation data analysed in this study consists of 30 precipitation stations from 1980 to
2010 and was provided by the Environmental Agency of Singapore (NEA) (Fig. 1). The spatial coverage
of rainfall stations is quite dense in relation to the area of Singapore, resulting in an average of one
station every 24 km2. The spatial distribution of stations is rather homogeneous, with only the small
islands off the coast not being covered by any measurements. Between 1980 and 2010, all selected
stations exhibited very few data gaps (less than 1% of missing values). The temporal resolution of the
data is hourly. Each hourly rainfall amount is associated with an attribute called “duration”, measured
in 5-min increments, which indicates that the data are collected at a higher temporal resolution.
Unfortunately, the 5-min data is not available. The network allows a detailed statistical analysis of the
spatial characteristics of precipitation. The temporal resolution of this data set, however, is limited
compared to the average lifespan of rainfall events.
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Fig. 1. Location and IDs of the precipitation stations in Singapore.
3.2. Data related to ENSO
The “Ocean Nin˜o Index” (ONI) is used as a quantitative measure of the El-Nin˜o-Southern Oscillation
(ENSO). It is the quarterly running mean of SST anomalies in the Nin˜o3.4 region, which spans the
area from 5◦N to 5◦S and 120◦W to 170◦W.  The ONI-data is published by the National Oceanic and
Atmospheric Administration of the U.S. (http://www.cpc.noaa.gov/). As a generally accepted deﬁnition
El Nin˜o (La Nin˜a) is declared if the SST anomaly in this region exceeds 0.5◦ C (−0.5◦ C) for at least six
consecutive months (Trenberth, 1997). The anomalies are computed by removing the monthly mean
climatology and the longterm trend. Therefore, ONI does not reﬂect a possible increase of SST due to
global warming.
The authors are aware that the classiﬁcation of El Nin˜o/La Nin˜a events according to the
ONI as single criteria is rather rough. In recent years, several attempts have been made
to further distinguish the events based on SST and atmospheric conditions (Yu and Kim,
2013). However, due to the limited number of events during the 31-year long observation
period, we apply this basic ONI-deﬁnition. A further subdivision would reduce the number of
samples in each class and, thus, induce high stochastic uncertainty in any statistical analy-
sis.
ENSO is closely related to SST, not only in in the Nin˜o3.4 region, but also in the vicinity
of Singapore. Therefore, ONI data was compared to local SST in the Strait of Malacca. The SST
time series were taken from NOAA High Resolution SST data provided by the NOAA/OAR/ESRL
PSD, Boulder, Colorado, USA (http://www.esrl.noaa.gov/psd/). The data set consists of an opti-
mal interpolation product of AVHRR satellite remote sensing data of a 0.25◦×0.25◦ grid. The
SST data were applied as anomalies from the average annual cycle from 1982 to 2010. The
calculation of the annual cycle used a weighted smoothing function over a monthly window
(from 15 days before the target day to 15 days after the target day). The grid-point with the
coordinates of 104.125◦ E and 1.275◦ N was chosen as representative for the surroundings of
Singapore.
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Fig. 2. Average annual precipitation (1980–2010).
4. Statistical analysis of hourly precipitation sums
Fig. 2 shows the average annual precipitation sum from 1980 to 2010. The map  is based on the
values of the 30 precipitation stations and interpolated by ordinary kriging, which is an interpolation
method based on spatial correlation (Kitanidis, 1997). Despite the limited extend of Singapore – less
than 50 km in west-east direction and 25 km in north-south direction – the average annual sum varies
considerably, by about 20%. The variations are not random, but systematic. The western part of the
island receives about 2, 500 mm per year on average, the eastern parts about 2, 100 mm per year.
4.1. Comparison of diurnal and annual variations
Figs. 3–5 exhibit the precipitation characteristics of the different parts of the island. Rain gauge 63
(Fig. 3) is situated in the south-west of the main island, rain gauge 80 in the north (Fig. 4) and rain
gauge 24 in the very east (Fig. 5). The two-dimensional plots relate the annual variation, represented
in horizontal direction and the diurnal variations, represented vertically. The ﬁrst plot of each station
displays the hourly rainfall frequency. An hour is declared as “wet” if the rainfall amount is at least
1 mm.  The second plot shows the average hourly rainfall amount. Each pixel depicts the average of
all records at the same time of day and during the same 10 day period for the 31 years from 1980 to
2010. Thus, each grid cell in the plots represents the average of 310 hourly observations. The amounts
of ﬁrst 5 days of the year appear twice. They have been added to the days from 360 to 365 to provide
consistent intervals.
All three stations exhibit a clear diurnal cycle. On average, rainfall amount and frequency are highest
at around 16:00 in the afternoon and lowest around midnight. The annual cycle depends on the location
of the rainfall station. It is the most pronounced in the south-west (Fig. 3). From April to the end of
September, which corresponds roughly to the South-West Monsoon season, the rainfall activity is
highest between the morning and 14:00. During the Inter-Monsoon (October and March), there are
two peaks, one in the morning and one in the afternoon.
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Fig. 3. Comparison of diurnal and annual variation in average rainfall frequency and average hourly rainfall amount from 1980
to  2010 at rain gauge 63 in the south-west of Singapore.
The seasonal signal diminishes towards the north of the island. At rain gauge 80 (Fig. 4) rainfall
activity is always highest in the afternoon, regardless of the season. The annual cycle inﬂuences only the
rainfall amounts which are below average during South-West Monsoon season and highest between
the end of the North-East Monsoon season to the following inter-monsoon. At rain gauge 24 in the
east (Fig. 5) the seasonality is not very pronounced either. During South-West Monsoon, the daytime
of maximum activity is shifted towards the morning, but to a lesser extend than in the south-west of
Singapore. During most of the year, the rainfall sums are 20% to 30% lower than over the western half
of the island. The rainfall activity reaches its peak at the onset of the North-East Monsoon.
Although the grid cells represent an average of 310 values, all plots show very scattered patterns
which indicates that the random variability in precipitation is high. Besides, all of the plots have a
deviating pattern in period from days 350 to 360. This is caused by the most extreme rainfall episode
since the beginning of the measurements, which occurred in December 2006 (Chatterjea, 2011).
In the following, the statistical analysis is performed for two seasons to take the annual cycle into
account. The values from November to February are taken for the North-East Monsoon season, and
the values from June to September for the South-West Monsoon season.
4.2. Diurnal and annual distribution of extreme events
From 1981 to 2010 Singapore experienced 159 rainfall events during which the average hourly
rainfall amount over all 30 rain gauges exceeded 20 mm.  The annual distribution of these events is
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Fig. 4. Comparison of diurnal and annual variation in average rainfall frequency and average hourly rainfall amount from 1980
to  2010 at rain gauge 80 in the north of Singapore.
shown in Fig. 6a. The highest frequency of such events is observed in November, the lowest in January.
49 occurred during the North-East Monsoon season, 58 during the South-West Monsoon season. Thus,
extreme events are as likely during the South-West Monsoon season as during the North-East Monsoon
season, although the average rainfall amounts are generally lower during the South-West Monsoon
season.
The diurnal distribution of extremes, however, is different. In the inner tropics, over continental
areas, the strongest convective rainfall generally occurs in the late afternoon triggered by the diurnal
cycle in surface heating (Sui et al., 1997). Over the oceans high precipitation intensities occur mainly
in the early morning, which is probably related to an increase in precipitable water due to radiative
nocturnal cooling (Sui et al., 1997).
Fig. 6b compares the arrival times of extreme events during the two  Monsoon seasons. The North-
East Monsoon season exhibits a continental type of peak in the late afternoon. During the South-West
Monsoon, the diurnal distribution is shifted. There is less inﬂuence of heat-induced convection. Most
extremes occur in the morning or around noon. The higher number of early morning extremes show
the effect of the Sumatra Squall lines, which are more likely to form during the South-West Monsoon
season.
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Fig. 5. Comparison of diurnal and annual variation in average rainfall frequency and average hourly rainfall amount from 1980
to  2010 at rain gauge 24 in the east of Singapore.
5. Analysis of spatial correlation
5.1. Spatial correlation analysis
The spatial structure of precipitation is examined by the paired correlation rij of all hourly precip-
itation stations in Singapore:
rij =
sij(t)
sisj
(1)
rij is calculated by the covariance sij between the precipitation time series x at station i and station j
with a time lag of t
sij =
1
n − 1
n∑
t=1
(xi(t) − xi)(xj(t + t) − xj) (2)
and the standard deviations si and sj. n is the number of common hourly time steps between station
i and j. The correlation is calculated between all possible pairs of precipitation stations (30 × 29 = 870
pairs).
The aim of the analysis is to identify preferential directions which exhibit higher correlations,
e.g. as a function of season or daytime. Therefore, the resulting correlations are examined in relation
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(a)
(b)
Fig. 6. (a) annual distribution and (b) diurnal distribution during North-East and South-West Monsoon season of events with
hourly rainfall sums ≥20 mm on average over all stations.
to the spatial conﬁguration of the station pairs. All correlations are plotted in a two dimensional
graph according to the distance between the stations in west–east direction (x-axis) and south–north
direction (y-axis). That means the ﬁrst station of each pair is shifted to the origin of the graph and the
correlation value is plotted at the end of the distance vector linking the stations. For better visibility,
the values are averaged over 2 km × 2 km grid cells. Two time lags are regarded: t = 0 and t = 1 h.
For t = 0, the correlation between the station pair i and j and the correlation between j and i are the
same, so the resulting plot is point symmetrical as in Fig. 7a. If there is a non-zero time-lag between
the station pairs, it makes a difference if station i in the pair i, j is chosen as the starting or the end point
of the distance vector. Therefore, Fig. 7b, which exhibits the correlation with t = 1h, is directional.
The shifted correlation indicates the propagation of information. It is highest when the same rainfall
event that hits station i at time t0 appears at station j (in some kilometres distance) at time t0 + t.
In general, the spatial extend of rainfall events is very small. The correlation of the simultaneous
observations is only high for station pairs that are very close to each other with separation vectors
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Fig. 7. Spatial correlation of hourly precipitation time series with and without time lag t .
shorter than 4 km (Fig. 7a). Beyond this range, the correlation drops rapidly and the anisotropy in the
correlation is very low. A station pair at a distance of 10 km shows a correlation of around r = 0.3 no
matter whether the stations are situated north-south or east-west to each other.
The correlation of the shifted time-series is generally low (Fig. 7b). Since most of the events do
not last longer than 1 h (Chatterjea, 1998), the propagation of events cannot be tracked. The correla-
tion ﬁeld is only slightly asymmetric, with higher values in the west to east direction, indicating the
advective direction.
Considering only observations of the two Monsoon seasons (Fig. 8) does not change the general
correlation levels, but introduces a slight anisotropy in the correlations. From November to February,
the simultaneous correlations to a given distances are highest in north-west to south-east direction
and lowest in south-west to north-east direction (Fig. 8a). This means that the correlations are higher
orthogonal to the prevailing wind direction of the season. It is an indication that some of the events
have a frontal character, so that the stations in the north-west to south-east conﬁguration are on the
same line relative to the ﬂow ﬁeld and thus receive precipitation within the same hour. The same holds
true for the South-West Monsoon season, with south by south-east as the prevailing wind direction,
(Fig. 8c). During the South-West Monsoon, the correlations with a 1 h time lag are slightly higher than
the average over the whole time period. The anisotropy is more pronounced. The correlation values
are higher if the second station j is east of the ﬁrst station i.
Far more pronounced are the differences between the early morning rainfall from 5:00 to 9:00
and the afternoon rainfall from 14:00 to 17:00. The correlations of the simultaneous measurements in
the morning are much higher than the average over all observations (Fig. 9a). At 10 km distance, the
correlation is still above rij = 0.5 in any direction. The correlation with 1 h time lag can exceed a level
of rij = 0.4 (Fig. 9b) indicating that the life span of early morning events frequently exceeds 1 h. There
is a visible asymmetry in the correlations with 1 h time lag with increased correlations in west to east
direction. It corresponds to the propagation of Sumatra Squalls which traverse Singapore from west
to east. The correlations are the lowest in the afternoon (Fig. 9c). The surface heating induced events
in the afternoon have a much smaller spatial extend than the events in the morning. Stations that are
more than 20 km apart are practically uncorrelated. The correlations with time shift are almost zero
for any distance, indicating the short life span of afternoon rainfall events.
6. Inﬂuence of large scale features on precipitation
6.1. The method of regional regression analysis
The regional regression analysis is an extension of linear regression for simultaneously measured
data of several locations. It is used to investigate the relation of the seasonal sums and the extremes
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Fig. 8. Spatial correlation of hourly precipitation time series with and without time lag t for two  different seasons.
of hourly and daily rainfall amounts as dependent variable with ONI, SST or the time as explanatory
variable.
If only one representative station was picked out for a standard regression analysis, the results
would be inﬂuenced by local effects and sampling uncertainty. Since precipitation is highly variable
in space, it is possible that the relation found at the chosen station differs from the overall regional
signal. Thus, the use of just one station might lead to the wrong conclusions. On the other hand, data
sets with very different means and variances should not be grouped together in the same regression
analyses. Since regression minimizes the squared error in absolute values between the observations
and the regression estimates, the results would be dominated by the station with the highest rainfall
amounts. Therefore, a normalization is required that transfers the data of the whole region to the same
scale.
When dealing with extreme events, such a normalization becomes difﬁcult. The range of the
extreme events depends non-linearly on the mean, the variance and the distribution of the values. A
normalization could be done by ﬁtting an appropriate theoretical distribution function to the observed
values of each station and analyzing the parameters of the distribution. This, however, implies the
assumption that all stations follow the same theoretical distribution function, which can be a seri-
ous practical limitation (Hundecha and Bárdossy, 2005). To avoid implicit assumptions, the following
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Fig. 9. Spatial correlation of hourly precipitation time series with and without time lag t for morning and afternoon rain.
analyses are restricted to parameter-free empirical distributions like the annual series of maximum
1 h and one day precipitation. The normalization is conducted by dividing all values by the station’s
average of the statistical characteristic that is the subject of the analysis. The method is explained by
the example of the yearly maximum precipitation:
vi(j) =
Hi,max(j)
Hi,max
(3)
Hi,max =
1
nyr
nyr∑
j=1
Hi,max(j) (4)
vi(j) is the normalized yearly maximum of station i in year j. It is calculated by the yearly maximum
Hi,max (j) at station i and the average yearly maximum Hi,max during the nyr = 31 year measurement
period from 1980 to 2010.
F. Beck et al. / Journal of Hydrology: Regional Studies 3 (2015) 337–358 349
In the next step, the normalized values vi(j) of all stations i ∈ [1, nstat] are combined in a linear
regression over the normalized values:
vˆ(x) = a0 + b0 · x (5)
vˆ(x) is the best guess for the normalized annual maximum, which is valid for any station. a0 and
b0 are the intersect and slope parameters of the linear regression function. The parameters of the
regression are estimated by minimizing the least square error between the observed values vi i ∈
[1, nstats] and the best regression estimate vˆ. As independent variable x, any dimension can be used
under the condition that it represents a large scale feature without internal variability within the study
region. In the following, ONI and SST are applied as independent variables. In Section 7, the data set is
investigated for regional trend signals. In that case, the independent variable x is the time.
6.2. Test of signiﬁcance
The signiﬁcance of the linear dependence between x and v is tested by a non-parametric Monte
Carlo method. If the the data exhibits a signiﬁcant dependence, there is a high probability that it will
be destroyed if the allocation of the data pairs (xi|yi) is randomly changed. This is done by shufﬂing the
order of observations xi of the independent variable. If the dependence is just a sampling effect due to
interannual variability, there is a certain probability that the dependence in the randomly mixed data
is even more pronounced. Therefore, the signiﬁcance is tested by comparing the slopes of the original
and the shufﬂed data sets.
The test is performed as a single-sided test. The tested hypotheses H0 and H1 depend on the slope
b0 of regression line in the observed data:
H0 : ˇ0 ≤ 0
H1 : ˇ0 > 0
}
if b0 > 0 (6)
H0 : ˇ0 ≥ 0
H1 : ˇ0 < 0
}
if b0 < 0 (7)
where ˇ0 is the “true” slope which would be calculated if the regression was based on an inﬁnite
number of data pairs. The signiﬁcance  ˛ is the probability of making a mistake if H0 is rejected in
favour of H1. It is approximated by the fraction of linear regression slopes calculated from shufﬂed
data sets that have a steeper slope (of the same sign) than the regression calculated from the observed
data.
The only restriction of this signiﬁcance testing is that the number of trials in the mixing should be
much lower than the number of possible combinations. With 31 years of available data and hence 31 !
different combinations, which is about 1034, the Monte Carlo method is performed with 10,000 trials.
In the following, if a signiﬁcance level  ˛ is stated, it refers to the Monte-Carlo method with 10,000
trials.
6.3. Regional analysis of ONI and seasonal precipitation sums
Fig. 10 displays the scatter plot between the normalized seasonal sums from November to February
(Fig. 10a) and from June to September (Fig. 10b) at the 30 rain gauges and the averaged ONI of the same
period. The regional regression function is indicated by the straight line and the equation is given in
the legend.
Whether there is a dependence between ONI and the precipitation sum depends clearly on the pref-
erential atmospheric ﬂow direction. While the seasonal sum during the North-East Monsoon season
does not react to the ONI (Fig. 10a), a higher ONI during South-West Monsoon season (Fig. 10b) leads
to drier conditions. The trend is highly signiﬁcant. Less than ˛< 1 % of the shufﬂed data sets exhibit a
stronger trend signal. The best guess for the seasonal sum during a strong El Nin˜o event with an ONI
of 1.0 is 16% lower than average, for a La Nin˜a event with an ONI of −1.0 it is 21% higher. This means
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Fig. 10. Dependence between Ocean Nin˜o Index and the seasonal precipitation sum at all stations.
that the higher sea surface temperature in the western paciﬁc and the reinforced trade winds dur-
ing La Nin˜a events enhance precipitation in Singapore, but only during South-West Monsoon season.
An effect on the North-East Monsoon wind system is not detectable, although El Nin˜o/La Nin˜a events
generally reach their peak during the North-East Monsoon season.
6.4. Regional analysis of ONI and extremes
Fig. 11 displays a scatterplot of the maximum hourly rainfall amounts versus the average ONI in
each season. To broaden the data basis, the two highest hourly precipitation sums of each season in
each year were taken. The slope of the regression line is slightly negative during both seasons, but the
trends are not signiﬁcant. The signiﬁcance is ˛≈ 25 % between November and February and ˛≈ 20 %
between June and September. Although ONI has a strong inﬂuence on the overall seasonal sum during
South-West Monsoon season, it does not inﬂuence the rainfall amounts during the most extreme
events. The reaction to the ONI concerns only the rainfall duration. If the ONI is less than or equal to
−0.8, twice as many rainy hours are counted between June and September than if the ONI is greater
than or equal to 0.8. On the scale of daily precipitation extremes, the results are similar. Only from June
to September there is a slight negative dependence between the ONI and the daily extremes, caused
by the fact that more rainy hours occur within the same day, due to the higher number of rainy hours
during La Nin˜a events. The signiﬁcance  ˛ is about 10% (Fig. 12).
Fig. 11. Dependence between Ocean Nin˜o Index and the two highest hourly rainfall amounts at each station in each season.
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Fig. 12. Dependence between Ocean Nin˜o Index and the two highest daily rainfall amounts at each station in each season.
Nevertheless, the ONI does have an inﬂuence on the diurnal distribution of the highest events.
Fig. 13 displays the time of occurrence of all events with an average of more than 10 mm/h  on average
over all stations. Generally, the highest hourly rainfall amounts occur in the afternoon, when heat-
induced convection is the strongest. During La Nin˜a events between June and September, however,
the diurnal distribution is broader with a second peak in the late morning. The shift in the arrival times
is a hint that La Nin˜a supports the appearance of Sumatra Squalls lines. Between 1980 and 2010, the
most extreme events with more than 50 mm/h  always occurred before 12:00. However, there are too
few events to judge whether La Nin˜a induces extremes in the morning or whether it is a sampling
effect.
6.5. Regional analysis of SST and seasonal precipitation sums
The average SST in the surroundings of Singapore has a strong impact on the seasonal precipitation
amount from June to September (Fig. 14). During the South-West Monsoon the best guess vˆ for the
normalized seasonal sum increases by 0.3 per degree Celsius of SST anomaly in the reanalysis grid
cell of Singapore. This means that, on average, each degree corresponds to 30% more rainfall. The
Fig. 13. Absolute frequency of the time of occurrence of all precipitation events >10 mm/h  on average over all 30 stations
between 1981 and 2010.
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Fig. 14. Dependence between sea surface temperature anomalies and seasonal precipitation sum at all stations.
trend is highly signiﬁcant (˛< 0.5 %). During the North-East Monsoon there is a similar signal, but less
pronounced. The increase is 0.1 per degree Celsius and the trend is not signiﬁcant (˛≈ 20 %).
Despite the strong effect on the precipitation volume, the SST does not signiﬁcantly inﬂuence the
extreme events. A signiﬁcant dependence of the extreme amounts on SST can neither be detected in
the hourly nor in the daily resolution (Figs. 15 and 16).
6.6. Comparison of the inﬂuence of ONI and SST
The reaction of the regional precipitation regime to the ONI and SST are alike. In both cases, only
the seasonal sums change, and not the extremes. And with either ONI or SST, the reaction is limited
to the South-West Monsoon season. It raises the question whether the detected changes are caused
by local effects or by the large scale atmospheric circulation.
In fact, SST and ONI are related. El Nin˜o is associated with cooler SST in the surroundings of
Singapore, La Nin˜a with higher SST. The correlation between ONI and SST is not very strong (r = 0.13
for the period from 1980 and 2010 in monthly resolution), but it is highly signiﬁcant (˛< 1 %). Although
the two variables cannot clearly be separated, there is indication that the inﬂuence of ONI goes beyond
the effect of local SST variations. First, the increase in the number of rainy hours but not of the most
extreme intensities, which is found during the South-West Monsoon, ﬁts well in the large scale picture
Fig. 15. Dependence between sea surface temperature anomalies and the two  highest hourly rainfall amounts at each station
in  each season.
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Fig. 16. Dependence between Ocean Nin˜o Index and the two highest daily rainfall amounts at each station in each season.
of the Western Paciﬁc Ocean. In Eastern Australia for example, the overall rainfall totals and the num-
ber of wet spells are also positively correlated with La Nin˜a events (Pui et al., 2011), whereas the hourly
intensities are not. Second, if it was a local effect, the fundamentally different reaction between the
North-East and the South-West Monsoon season would not be very likely. Third, the ONI is measured
several thousand kilometres east of Singapore, a distance that the trade winds can travel within a few
days, but for which the oceanic surface water needs several months. So the correlation between ONI
and SST in Singapore becomes stronger if a time-lag is considered: it is at its highest, if the local SST
is associated with the ONI ﬁve month before (r = 0.372). Nevertheless, there are signiﬁcant correla-
tions between ONI and the precipitation of the same season when the warmer surface water has not
arrived yet. Thus, ONI and precipitation are connected at least partly by the atmospheric circulation,
either by the ﬂuctuations in the strength of the trade winds or by the moisture content of the arriv-
ing air masses which is governed by the evaporation and thus by the SST over the equatorial Paciﬁc
Ocean.
7. Trends in extreme precipitation
7.1. Regional regression analysis
During the last decades, the temperature in Singapore has been rising (Fong, 2012). Climatic trends
in precipitation, however, have not yet been subject to detailed investigations. Fig. 17 displays the
evolution of the normalized yearly precipitation sum at the 30 rain gauges between 1980 and 2010.
Taking the average of all the stations, the best guess vˆ for the normalized yearly sum increases by
about 17%. The Monte-Carlo signiﬁcance of this trend is ˛≈ 3 %.
Fig. 18 shows the evolution of the normalized hourly and daily precipitation extremes. The
database is comprised of the two highest hourly (daily) rainfall amounts of each year. During
the 31-year observation period, both have risen. The best guess vˆ for the normalized hourly
extremes in 1980 is about 7% below the average of the whole time period; for 2010, it is about
7% above. The trend in hourly precipitation is strongly signiﬁcant (˛< 0.1 %). The increase in
daily extremes is twice as strong. The best vˆ for the normalized daily extreme rises from 0.86
to 1.14 during the investigation period. The signiﬁcance (˛≈ 6 %) is, nevertheless, lower since
the trend estimation is highly dominated by the daily precipitation sums of the exceptional
North-East Monsoon season 2006/2007. The daily extremes have increased much faster than the
yearly totals, indicating that a greater portion of the total rainfall is concentrated on the wettest
days.
354 F. Beck et al. / Journal of Hydrology: Regional Studies 3 (2015) 337–358
Fig. 17. Evolution of the normed yearly precipitation sum at all stations.
7.2. Changes in temporal precipitation scaling
The different speed in the increase of hourly and daily precipitation extremes affects the scaling
of events. Scaling, in this case, means the statistical properties of precipitation data aggregated over
different time intervals from 1 h to one day. For a regional analysis of the scaling properties, the
extreme events at each station were normalized by the daily maximum:
v(t) = Hmax(t)
Hmax(24 h)
(8)
where Hmax(t) is the average maximum rainfall amount at aggregation level t, Hmax(24 h) the
average maximum daily rainfall amount. The values of Hmax(t) are the average of the partial series
with n = 2nyr members where nyr is the number of years. (Other populations from n = nyr to n = 5nyr
where tested, too, but lead principally to the same results.) The normalized average maximum v(t)
at each station is between 0 and 1. It is the portion of the daily extreme that can fall in a shorter
Fig. 18. Evolution of the two highest daily and hourly precipitation sums at all stations.
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Fig. 19. Left: average scaling properties of the partial series with n = 2nyr members; right: relative change between 1980–1995
and  1996–2010.
aggregation interval t.  If the scaling behaviour changes over time, v(t) of all aggregations t < 24 h
is changing, too. Trends in daily precipitation, on the other hand, are eliminated by the normalization.
Since a reliable calculation of the average maxima on each aggregation level requires data from
several years, it is not possible to make a trend estimation on a yearly basis. Instead, the available data
was divided into two periods. Fig. 19 compares the scaling characteristics from 1980 to 1995 and from
1996 to 2010.
Taking the average of all stations between 1980 and 1995, the maximum hourly rainfall amount
was about 45% of the daily maximum, the average 2-h maximum 60%. In the more recent period, these
ﬁgures reduce to about 42% and 55%. Comparing the data from the two sub periods, it is noticeable that
the dashed line from the later data period is always lower. Fig. 19b indicates the relative changes at
each aggregation interval between the two periods. It is always negative and the decrease is strongest
(with about 8% between the two periods) in the shortest aggregation intervals.
Although the hourly precipitation extremes are increasing (Section 7.1), they become less impor-
tant compared to the extreme daily rainfall amounts. This means that there are two  overlaying trends.
First, an intensiﬁcation of extreme precipitation; second, a tendency towards longer rainfall events or
towards sequences of several heavy events. In combination, extreme daily precipitation sums increase
twice as fast as the hourly extremes, which can be seen in the trend lines of Fig. 18.
8. Summary and discussion
Most countries in the inner tropics do not have or provide data from dense precipitation mea-
surement networks. In most regions, statistical analysis of sub-daily precipitation can only rely on
remotely sensed data from satellites or rain radar. Both of these methods have their speciﬁc error
sources and limitations. In this context, the measurement network of Singapore, with a high spatial
coverage and a long time series, offered the opportunity to examine the statistical properties of hourly
precipitation measurements in a tropical climate zone. The dense network reveals the high spatial het-
erogeneity in the precipitation regime of Singapore. Despite the limited spatial extent of the island,
even highly aggregated statistics such as the yearly precipitation sum vary considerably. The western
part of the island is generally wetter than the eastern part. Seasonality increases from north to south.
The stations close to the southern shore react the most sensitively to the Monsoon-induced changes
in the atmospheric ﬂow ﬁeld. This heterogeneity is most probably a result of the scattered patterns of
land and sea in the area. Since land and sea react very differently to solar radiation input, the curved
shorelines induce local wind systems that alter the convective uplift and provoke local atmospheric
convergence zones. Compared to the high spatial resolution, the temporal resolution of 1 h implies
certain limitations. Therefore, the results are unsatisfying in terms of spatio–temporal correlations.
Only very general characteristics such as low correlations within a 1-h time shift were deduced. If
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the data were provided in 5-min resolution, which seems possible judging from the precipitation
duration information (cf. Section 3.1), a more detailed analysis, e.g. tracking the propagation of single
precipitation events, would be possible.
Singapore exhibits a clear daytime climate. Precipitation peaks in the afternoon and there is hardly
any precipitation during the ﬁrst half of the night. The diurnal cycle is modiﬁed by the annual cycle of
the Monsoon system. The Monsoon cycle is divided into the North-East Monsoon season, approx-
imately from November to February, the South-West Monsoon from June to September and the
Inter-Monsoon during the transition periods.
The precipitation statistics reﬂect the prevalence of the diurnal cycle over the annual cycle. The
statistical differences between early morning and afternoon rainfall are much stronger than the dif-
ferences between the seasons. The rainfall in the afternoon originates mainly from convective events
with short lifespans often of less than 1 h and small spatial extend of only a few kilometres. In contrast,
the rainfall in the morning is caused by events of larger spatial scale and longer duration. Due to the
Sumatra Squall Lines, which have frontal characteristics and traverse the whole island from West to
East, early morning rain exhibits anisotropic spatial correlations, with higher correlations in West-East
direction.
The annual cycle is less pronounced. Monthly rainfall amounts are highest during the ﬁrst month of
the North-East Monsoon season and slightly lower than average during South-West Monsoon season.
The Monsoon system, however, is important with regard to intense precipitation events since it alters
the diurnal precipitation cycle. During the South-West Monsoon season, the peak of the precipitation
activity is shifted towards the early morning. And despite the lower rainfall totals, the frequency of
intense rainfall events is similar to the North-East Monsoon season.
Besides daytime and season, ENSO has a signiﬁcant effect on the precipitation regime, but not dur-
ing the North-East Monsoon season. It seems that the pathway of the air masses over the South China
Sea between November and February is not in the zone of inﬂuence of ENSO. During South-West
Monsoon season, the La Nin˜a phase of the ENSO cycle yields about 30% more rainfall and twice as
many rainy hours as the El Nin˜o phase. Remarkably, the effect is limited to seasonal totals – nei-
ther the extremes in the hourly nor in the daily precipitation sums are signiﬁcantly affected by
ENSO. ENSO also alters the diurnal distribution of intense precipitation events. There is an indica-
tion that La Nin˜a events promote the occurrence of early morning extremes during the South-West
Monsoon season. The investigated time series, however, are as yet too short for a clear statement.
From the perspective of urban hydrology, this question would justify further investigation, given the
fact that early morning rain is spatially more coherent and, therefore, the extremes are probably more
challenging.
Rising SST in the surroundings of Singapore lead to effects similar to the La Nin˜a phase of the
ENSO cycle. Rainfall totals, as well as the number of rainy hours, are positively correlated with the
SST, but the frequency of extreme precipitation intensities does not change signiﬁcantly. SST, in turn,
is inﬂuenced by the ENSO cycle. With the current ﬁndings, the effects of ENSO and SST cannot be
separated. It is not clear to what extent the rainfall regime reacts to either large scale features, such as
the ENSO induced changes in atmospheric circulation or local effects as changes in the SST of the area.
This is an important question for further investigations. Global Circulation Models (GCMs) agree on a
rise in SST which, according to our ﬁndings, will lead to wetter conditions. ENSO, on the other hand,
depends on various interconnected variables and is, therefore, difﬁcult to represent in GCMs. It is not
yet clear how ENSO will evolve in the future (Collins et al., 2010). Thus, it cannot be judged whether
it will enhance or dampen the effect of rising sea surface temperature.
Nevertheless, the rainfall regime has been changing signiﬁcantly during the 30 years since the start
of the measurements. Trend estimations by regional regression analysis show a signiﬁcant rise in the
yearly totals by about 17%, as well as of the hourly and daily precipitation extremes. The increase
in daily amounts is faster than the increase in yearly totals, indicating that more and more of the
overall volume is concentrated in the heaviest rain days. The difference in speed between the trends
of the hourly and daily extremes is the result of a change in temporal scaling. There is not only a
tendency towards more intense precipitation events, but also towards events of longer duration. The
signiﬁcance of the ﬁndings, however, is limited. It is highly affected by the outstanding events of the
North-East Monsoon season of 2006–2007.
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Regarding the effects of climate change and global warming on the intensity and frequency of
precipitation, our ﬁndings for Singapore show a trend towards increasing daily precipitation sums. This
is supported by climate models which indicate that extreme precipitation will increase in a warmed
climate (Allan and Soden, 2008). This increase is governed by the Clausius–Clapeyron (CC) relation
which states that the moisture increases with 7%/K. A study by Utsumi et al. (2011) however shows,
that there are regional deviations from this scaling. Furthermore, precipitation at the same location can
show signiﬁcant deviations from the CC-scaling, depending on the air temperature and on the temporal
resolution of measurements (Lenderink et al., 2011). Trenberth (1999) predicts that an increase in
atmospheric temperature will lead to an over-proportional intensiﬁcation of short precipitation events
due to enhanced atmospheric moisture capacity and stronger convective uplift. It is, however, not yet
clear, if this opposite temporal scaling behaviour in Singapore is a general feature of the inner tropics or
a particularity caused by local effects. A possible explanation might be a reinforcement of the monsoon
system, transporting more moisture more steadily into the study area. This hypothesis, however, is
contradicted by the observed trend of declining monsoon strength in other parts of Asia (Hori and
Ueda, 2006) as well as GCM simulation results (Xu et al., 2006). Notable in this context: rising SST,
as an expected feature of global warming, is not able to explain the changes in extreme precipitation
events. This will have to be veriﬁed with further studies in the inner tropics. In any case, assuming that
the estimated trends continue, this will have two overlaying effects: extreme precipitation will not
only be more torrential in the future, but will also have longer duration. It must be stated, however,
that inter-annual variability cannot be excluded as cause for the detected trend signals with only 31
years of data. With respect to these open questions, an investigation of the scaling of precipitation
extremes on temperature would be worthwhile, e.g. by the quantile regression approach proposed by
Wasko and Sharma (2014).
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